Aims/hypothesis We examined the phenotype of individuals with impaired fasting glucose (IFG) and/or impaired glucose tolerance (IGT) with regard to insulin release and insulin resistance. Methods Non-diabetic offspring (n=874; mean age 40± 10.4 years; BMI 26.6±4.9 kg/m 2 ) of type 2 diabetic patients from five different European Centres (Denmark, Finland, Germany, Italy and Sweden) were examined with regard to insulin sensitivity (euglycaemic clamps), insulin release (IVGTT) and glucose tolerance (OGTT). The levels of glucagon-like peptide-1 (GLP-1) and gastric inhibitory polypeptide (GIP) were measured during the OGTT in 278 individuals. Results Normal glucose tolerance was found in 634 participants, while 110 had isolated IFG, 86 had isolated IGT and 44 had both IFG and IGT, i.e. about 28% had a form of reduced glucose tolerance. Participants with isolated IFG had lower glucose-corrected first-phase (0-10 min) and higher second-phase insulin release (10-60 min) during the IVGTT, while insulin sensitivity was reduced in all groups with abnormal glucose tolerance. Similarly, GLP-1 but not GIP levels were reduced in individuals with abnormal glucose tolerance. Conclusions/interpretation The primary mechanism leading to hyperglycaemia in participants with isolated IFG is likely to be impaired basal and first-phase insulin secretion, whereas in isolated IGT the primary mechanism leading to postglucose load hyperglycaemia is insulin resistance. Reduced GLP-1 levels were seen in all groups with abnormal glucose tolerance and were unrelated to the insulin release pattern during an IVGTT.
Introduction
Type 2 diabetes is a common disease affecting about 3 to 5% of those in western populations. Major pathophysiological mechanisms for type 2 diabetes are insulin resistance and impaired insulin secretion; both of these abnormalities also predict the development of type 2 diabetes in prospective studies [1, 2] .
The insulin response to a hyperglycaemic stimulation is biphasic [3] . Insulin concentrations in the plasma increase rapidly to a peak at 2 to 4 min, decrease to a nadir at 10 to 15 min and then gradually increase over 120 to 180 min. The initial response is referred to as first-phase insulin release and the subsequent increase in insulin secretion represents the second-phase insulin release [4] . Normal islets compensate for insulin resistance [5, 6] , making it essential, in any evaluation of the appropriateness of insulin secretion, to take prevailing insulin sensitivity into account.
The new entities of impaired fasting glucose (IFG) and impaired glucose tolerance (IGT) have triggered studies on the mechanisms for increased fasting and postprandial (or postglucose load) glucose. IFG was first introduced by the American Diabetes Association [7] and defined as a fasting plasma glucose level between 6.1 and 7.0 mmol/l. Subsequently, the lower cut-off point of plasma glucose was changed to 5.6 mmol/l [8] . IGT is defined on the basis of an OGTT as a 2 h plasma glucose level between 7.8 and 11.1 mmol/l and normal glucose tolerance (NGT) as fasting plasma glucose <5.6 mmol/l and 2 h plasma glucose <7.8 mmol/l [9] .
Previous studies have given conflicting data on the association of IFG and IGT with insulin resistance and impaired insulin secretion [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In a study of Pima Indians, participants with isolated IFG and isolated IGT showed similar impairments in insulin sensitivity, but those with isolated IFG had a more pronounced defect in early insulin release and higher endogenous glucose output [10] . Tripathy et al. [11] , on the other hand, concluded that IFG was characterised by insulin resistance, whereas persons with IGT had impaired insulin secretion. Similar findings were reported by Hanefeld et al. [15] . Van Haeften et al. [14] concluded that the early stages of glucose intolerance (IFG) are associated with disturbances in beta cell function, whereas insulin resistance is more marked at later stages (participants with both IFG and IGT). Another study by the same research group [19] reported that IFG is due to impaired basal insulin secretion and preferential resistance to the suppressive effect of insulin on hepatic glucose production, whereas IGT mainly results from reduced second-phase insulin release accompanied by peripheral insulin resistance. In a recent study, isolated IFG was associated with normal insulin secretion but impaired insulin sensitivity, whereas in persons with isolated IGT both insulin secretion and insulin sensitivity were impaired [20] . These conflicting results are probably due to different study designs, different methods of measuring insulin resistance and insulin secretion, small sample size, heterogeneity of IFG and IGT, and/or failure to classify patients on the basis of isolated IFG and isolated IGT.
The European Network on Functional Genomics of Type 2 Diabetes (EUGENE2) consortium has collected data on 874 carefully phenotyped non-diabetic offspring of type 2 diabetic patients from five different centres in Europe. This large database gives us an opportunity to investigate the role of insulin resistance and impaired insulin secretion as primary abnormalities in the pathophysiology of IFG and IGT in persons at high risk of type 2 diabetes.
Methods
Participants The participants included in this study were healthy, non-diabetic offspring of patients with type 2 diabetes. One of the parents had to have type 2 diabetes and the other parent NGT in an OGTT and/or no history of type 2 diabetes in the family. The probands were randomly selected among type 2 diabetic patients living in the regions of five centres in Europe. They were recruited over a 4 year period through advertisements in public media and in the hospitals. The acceptance rate of volunteers was at least 70% in the different centres. Altogether, 874 offspring were included in the study from the following centres: Catanzaro, Italy (n=130), Copenhagen, Denmark (n=278), Gothenburg, Sweden (n=100), Kuopio, Finland (n=217) and Tubingen, Germany (n=149). The number of families with one to four offspring or more than four offspring was 109/0 in Catanzaro, 30/26 in Copenhagen, 97/0 in Gothenburg, 132/0 in Kuopio and 142/0 in Tubingen. The study protocol was approved by the appropriate Institutional Review Boards. All study participants gave informed consent.
Measurements and metabolic studies All centres followed the same protocol. Blood pressure was measured with a mercury sphygmomanometer in the sitting position after a 5 min rest. Height and weight were measured to the nearest 0.5 cm and 0.1 kg, respectively and BMI (kg/m 2 ) calculated. Waist and hip circumferences were measured to the nearest 0.5 cm. Fasting (overnight) blood samples were drawn followed by an OGTT (75 g glucose) to evaluate glucose tolerance status (blood samples taken at 0, 30, 90 and 120 min). On a second occasion, an IVGTT was performed to determine the first-phase insulin secretion capacity after an overnight fast. A bolus of glucose (300 mg/kg in a 50% [wt/vol.] solution) was given within 30 s into the antecubital vein. Arterialised venous blood samples for the measurement of plasma glucose and insulin were drawn at -5, 0, 2, 4, 6, 8, 10, 20, 30, 40, 50 and 60 min. At 60 min after the glucose bolus, a hyperinsulinaemic-euglycaemic clamp was started (insulin infusion 240 pmol m −2 min −1 ) and carried out for the next 120 min to evaluate insulin sensitivity [21] . This design has been previously validated [22] . Blood glucose was clamped at 5.0 mmol/l for the next 120 min by infusion of 20% glucose at various rates according to the blood glucose measurements performed at 5 min intervals. The mean amount of glucose infused during the last hour was used to calculate the rate of whole-body glucose uptake. In the Copenhagen centre, the euglycaemic clamp was not performed; instead, insulin sensitivity was measured by a tolbutamide-modified frequently sampled IVGTT to measure insulin sensitivity (data not shown).
We analysed the results in four categories of glucose tolerance: NGT (n=634; fasting plasma glucose <5.6 mmol/l and 2 h plasma glucose <7.8 mmol/l); isolated IFG (n=110; fasting plasma glucose 5.6-6.9 mmol/l and 2 h plasma glucose <7.8 mmol/l); isolated IGT (n=86; fasting glucose <5.6 mmol/l and 2 h plasma glucose 7.8-11.0 mmol/l); and simultaneous presence of IFG and IGT (n=44).
Laboratory determinations Glucose was measured by the same glucose oxidase method in the different centres. Plasma insulin was measured with different methods and, therefore, the assay applied in Tubingen was used as a reference method. All insulin samples from the Gothenburg centre were measured in Tubingen. The insulin measurements in Catanzaro, Copenhagen and Kuopio were standardised by having about 100 fasting and postglucose challenge plasma samples measured in Tubingen. The plasma insulin levels from these three centres were converted to plasma insulin levels corresponding to the Tubingen assay by linear regression analysis which gave the best fit. Cholesterol and triacylglycerol levels from whole serum and from lipoprotein fractions were assayed by automated enzymatic methods (Roche Diagnostics, Mannheim, Germany).
Gastric inhibitory polypeptide (GIP) and glucagon-like peptide-1 (GLP-1) concentrations in plasma were measured during the OGTT in the 278 individuals from Copenhagen after extraction of plasma with 70% ethanol (vol./vol., final concentration). For the GIP radioimmunoassay [23] , we used the C-terminally directed antiserum R 65, which crossreacts fully with human GIP but not with the so-called GIP 8000, whose chemical nature and relationship to GIP secretion is uncertain. It reacts fully with the primary metabolite, GIP 3-42. Human GIP and [
125 I]-human GIP (70 MBq/nmol) were used for standards and tracer. The plasma concentrations of GLP-1 were measured [24] against standards of synthetic GLP-1 7-36 amide using antiserum (code no. 89390), which is specific for the amidated C-terminus of GLP-1 and therefore does not react with GLP-1-containing peptides from the pancreas. The results of the assay accurately reflect the rate of secretion of GLP-1 because the assay measures the sum of intact GLP-1 and the primary metabolite, GLP-1 9-36 amide, into which GLP-1 is rapidly converted [25] . For both assays, sensitivity was below 1 pmol/l, intra-assay coefficient of variation below 6% at 20 pmol/l and recovery of standard, added to plasma before extraction, about 100% when corrected for losses inherent in the plasma extraction procedure.
Statistical analysis Data analyses were carried out with SPSS 11.0 for Windows (Chicago, IL, USA). The results for continuous variables are given as means±SD. Variables with skewed distribution (insulin, triacylglycerol) were logarithmically transformed for statistical analyses. The areas under the insulin and glucose curves in the OGTT and IVGTT (first-phase insulin release from 0 to 10 min, second-phase insulin release from 10 to 60 min) were calculated by the trapezoidal method. The differences between the groups were assessed by ANOVA for continuous variables and by the χ 2 test for non-continuous variables. Linear mixed model analysis was applied to adjust for confounding factors. For mixed model analysis, we included the family (sibship) and centre as random factors, the sex as a fixed factor, and both age and BMI as covariates. The Bonferroni correction was used to adjust for multiple comparisons.
Results
Baseline characteristics Characteristics, by centre, of the 874 participants are presented in Table 1 . Breakdown by sex was 43% men and 57% women (p<0.001 among the centres), age 40.1±10.4 years (p<0.001), BMI 26.6±4.9 kg/m 2 (p< 0.001), fasting plasma glucose 5.1±0.5 mmol/l (p<0.001) and 2 h plasma glucose 6.2±1.5 mmol/l (p=0.082). Table 2 shows clinical and laboratory parameters according to different glucose tolerance categories. Altogether, 634 participants had NGT, 110 had isolated IFG, 86 isolated IGT and 44 participants had both IFG and IGT; thus 28% had a form of reduced glucose tolerance. Participants with abnormal glucose tolerance were significantly older, had higher BMI and larger waist circumference (isolated IFG group) than those with NGT. They also had higher systolic and diastolic blood pressure and total triacylglycerol levels (isolated IGT, IFG/IGT) than participants with NGT. LDLcholesterol was higher and HDL-cholesterol lower in participants with isolated IFG than in normoglycaemic participants, but no difference with respect to total and LDL-cholesterol was found between the other groups.
OGTT data Glucose and insulin responses during the OGTT are shown in Fig. 1 . Fasting insulin levels were higher in participants with isolated IFG and in those with IFG/IGT than in participants with NGT. No difference between the groups was observed at 30 min insulin levels, but at all subsequent time points insulin levels were higher among participants with abnormal glucose tolerance than in those with NGT. The ratio of the glucose:insulin AUC during the OGTT did not differ between the groups. Figure 2 shows first-phase (0-10 min) and second-phase (10-60 min) glucose and insulin responses.
IVGTT data
Participants with abnormal glucose tolerance had higher insulin levels except at 10 and 20 min. Figure 3 shows AUCs for first-phase and second-phase glucose and insulin responses. As expected, the first-phase glucose AUC was significantly higher in participants with isolated IFG (7 Insulin sensitivity Insulin sensitivity was analysed both with the homeostasis model assessment of insulin resistance (HOMA-IR) [26] and the euglycaemic clamp technique. HOMA-IR was higher in participants with isolated IFG (17.9±26.6, p<0.001), isolated IGT (13.3±1.3, p=0.069) and in participants with IFG/IGT (28.5±40.8, p<0.001) than in those with NGT (9.5±6.4). HOMA assessment of beta cell function (HOMA-B) [26] , was lower in participants with IFG (27.4±30.6, p=0.002) than in participants with NGT (34.0±29.7), but HOMA-B did not differ in 18.8-47 .6%], p<0.001) had significantly lower insulin sensitivity than participants with NGT. Furthermore, participants with isolated IGT had lower insulin sensitivity than those with isolated IFG (p= 0.041). Participants who had both IFG and IGT had the lowest rates of whole-body glucose uptake. Disposition index was lower among participants with isolated IFG (20.6% [95% CI 0-48.1%], p=0.047) and isolated IGT (31.9% [95% CI 4.5-59.2%], p=0.009) than in those with NGT, whereas participants with IFG and IGT had a higher disposition index (p=0.048) than in those with NGT. Figure 5a shows that GLP-1 levels were lower in participants with any type of abnormal glucose tolerance status than in those with NGT at 15, 90 and 120 min; the 0 to 240 min AUC was also lower (p=0.024). However, there was no difference in GIP levels (Fig. 5b) including 0 to 240 min AUC (data not shown).
Incretin levels
Finally, we also analysed all data on the basis of a cut-off point of 6.1 mmol/l for fasting glucose levels in participants with isolated IGT. The results were not substantially different from those presented above.
Discussion
People with prediabetes (IFG, IGT) are at increased risk of developing type 2 diabetes [1, 2, 27] and cardiovascular disease [28] . The definitions of IFG and IGT, based on fasting and 2 h glucose levels, identify glucose tolerance categories that might have different aetiologies, metabolic profile and prognostic importance. Therefore, the pathogenesis of IFG and IGT has attracted considerable interest, and several studies have tried to define the characteristics of these groups as discussed.
Our study is based on a large cohort of 874 offspring of type 2 diabetic patients, i.e. individuals who are at high risk of developing type 2 diabetes as also supported by the finding that 28% of this fairly young and non-obese cohort had a form of reduced glucose tolerance. We showed that isolated IFG is characterised by a reduced glucose-adjusted first-phase insulin release (insulin AUC:glucose AUC ratio) as evaluated by an IVGTT (−22%), lower basal insulin secretion evaluated by HOMA-B (−19%) and decreased insulin sensitivity (−17%) evaluated by the euglycaemichyperinsulinaemic clamp. In contrast, participants with isolated IGT did not have impaired insulin secretion, but were more insulin-resistant than participants with isolated IFG. The most severe insulin resistance was found in participants with both IFG/IGT. Thus, our study provides further support for the concept that IFG and IGT are distinct metabolic abnormalities and/or represent the temporal phenotypic development along the path to type 2 diabetes.
Insulin sensitivity was evaluated with HOMA-IR and the euglycaemic clamp. In general, both measurements gave the same information, i.e. that all groups with IGT were more insulin-resistant. However, comparisons between the groups showed some inconsistencies. HOMA-IR was higher in the isolated IFG than in the isolated IGT group, while people with isolated IGT were more insulin-resistant when measured with the euglycaemic clamp. A similar discrepancy has previously been found [16] and supports the conclusion that the HOMA model is a less reliable assessment of insulin sensitivity when comparing groups of patients with isolated IFG and isolated IGT, where, by definition, fasting glucose levels are different.
Interestingly, we found that the release of GLP-1 but not GIP was reduced in all three groups with abnormal glucose tolerance. Reduced incretin effect and reduced GLP-1 levels following a meal have previously been reported in type 2 diabetic participants as well as in those with IGT [29, 30] , although the significance of this for the dysmetabolic state is unclear. Since the GLP-1 levels were reduced in IFG as well as in IGT participants and these states have a different early insulin response to glucose, it may be concluded that this abnormality is unlikely to account for the glucose intolerance. However, we cannot rule out the possibility that effects of GLP-1 outside the beta cell, i.e. inhibition of glucagon secretion and/or effects on gastric emptying, play a role. In addition, this possibility may provide a mechanism for the future development of the insulin-deficient state that characterises type 2 diabetes. Since not all IFG/IGT participants had reduced GLP-1 levels, individual susceptibility in maintaining beta cell function and in developing frank type 2 diabetes may be related to the ability to release incretins. However, this obviously needs to be addressed in future prospective studies.
The first study investigating the metabolic profile of participants with isolated IFG and isolated IGT did so by using accurate methods for measurement of insulin secre- tion (IVGTT) and insulin action (hyperinsulinaemic clamp) and was carried out in Pima Indians [10] . The results showed that individuals with isolated IFG and isolated IGT had a comparable impairment in insulin action, whereas those with isolated IFG had greater impairment in firstphase insulin release, combined with increased endogenous glucose output as compared with individuals with NGT. Participants with both IFG/IGT had even more profound abnormalities in insulin action, insulin secretion and endogenous glucose output [10] . Although that study by Weyer et al. [10] was quite small and, for instance, only included 11 participants in the isolated IFG group, these results are in general agreement with our findings in a large group of white first-degree relatives. Three other studies using accurate measurements of insulin secretion and insulin resistance have been published. Van Haeften et al. [14] assessed beta cell function and insulin sensitivity with hyperglycaemic clamps in 24 participants with IFG, 15 type 2 diabetic participants and 280 participants with NGT. First-phase (0-10 min) and Participants with IFG and IGT had lower insulin sensitivity than those with isolated IGT. Recently, the same group of investigators [19] used the hyperglycaemic clamp to study 21 individuals with isolated IFG, 61 individuals with isolated IGT and 240 individuals with NGT. They showed that participants with isolated IFG had similar fasting insulin concentrations to those with NGT despite their hyperglycaemia. Both first-and second-phase insulin responses were reduced by 30%. Participants with isolated IGT had about 50% greater second-phase insulin response than participants with isolated IFG. The authors concluded that IFG is due to impaired basal insulin secretion and preferential resistance to the suppressive effect of insulin on glucose production, whereas IGT mainly results from reduced second-phase insulin release and peripheral insulin resistance. Festa et al. [16] used a frequently sampled IVGTT to evaluate insulin sensitivity and insulin secretion. In a large cohort of individuals, they showed that participants with isolated IGT are more insulin-resistant than individuals with isolated IFG, whereas participants with isolated IFG had impaired insulin secretion. Another study [20] investigated the metabolic profile of 32 participants with IFG compared with 28 participants with NGT. In that study, insulin secretion and insulin sensitivity were normal in participants with isolated IFG, whereas insulin secretion and insulin action were impaired in participants with IGT. Taken together, it is clear that defects both in insulin secretion and insulin action contribute to postprandial hyperglycaemia. Furthermore, postprandial glucose metabolism is essentially normal in participants with isolated IFG, which might indicate a lower risk of progression to overt diabetes.
As discussed above, even studies [10, 14, 16, 19, 20] where a detailed metabolic characterisation of the participants was performed have led to somewhat inconsistent results. However, even more contradictory results have been published from studies based on indirect methods, i.e. only fasting glucose and insulin levels and results from an OGTT, to evaluate insulin sensitivity and insulin secretion. In the present study, we demonstrated in a large cohort of offspring of type 2 diabetic patients that participants with isolated IFG are characterised by: (1) impaired basal insulin secretion when related to degree of insulin sensitivity; (2) reduced glucose-adjusted first-phase insulin response; (3) normal second-phase insulin release; and (4) reduced insulin sensitivity compared with NGT individuals. By contrast, participants with isolated IGT had unchanged basal insulin secretion and first-and second-phase insulin release, combined with increased insulin resistance. Compared with previously published results obtained using advanced techniques to estimate insulin secretion and insulin action [10, 16, 19] , our findings are similar to two of them [10, 16] , showing that isolated IFG is characterised by impaired firstphase insulin release and increased insulin resistance. Basal insulin secretion was evaluated in only one study [19] , which, similarly to ours, demonstrated that basal insulin secretion was decreased in participants with isolated IFG.
Although previous studies have shown inconsistencies, some general conclusions can be drawn about IFG vs IGT. All groups of glucose intolerance are characterised by insulin resistance which may be due to genetic factors and/ or glucose toxicity. However, individuals with IGT have a more pronounced degree of insulin resistance. In contrast, IFG is characterised by a more pronounced beta cell defect when related to the ambient glucose levels and degree of insulin sensitivity. To what extent this can be due to a changed set-point for glucose, as previously suggested [20] , or to an inherent abnormality in the beta cells is currently unclear. It is also clear that there must be a reduced hepatic sensitivity to insulin in IFG, as also previously shown [10, 20] . Since it was recently found that glucagon levels are raised in individuals with IFG [20] , an interesting possibility is that IFG is characterised by an insensitivity to GLP-1, both in terms of insulin secretion and ability to suppress glucagon release. Interestingly, a reduced ability to respond to GLP-1 has recently been shown in individuals carrying the risk gene TCF7L2 [31] , which is also associated with impaired insulin release. Thus, clinical GLP-1 resistance may well be an important prediabetic state.
Our study has limitations. All our participants were offspring of type 2 diabetic probands and, therefore, we cannot be certain that our results can be generalised to participants without a family history of type 2 diabetes. However, considering the strong genetic influence on risk for type 2 diabetes, we feel that this design is more a strength than a weakness. Second, our data included five different white populations, and so genetic differences between the populations might have influenced the results. However, previous work has not shown an important role of ethnicity for the phenotypic differences between IFG and IGT [16] . Finally, hepatic glucose production was not measured. We cannot, therefore, draw any conclusions about the role of the liver in the pathophysiology of IFG and IGT, which has, however, been previously examined in similar groups [10, 20] .
In summary, our results suggest that the primary mechanism leading to hyperglycaemia in participants with isolated IFG is impaired basal and first-phase insulin secretion, whereas in isolated IGT, insulin resistance is the primary mechanism leading to postglucose load hyperglycaemia. Ongoing follow-up studies of the EUGENE2 cohorts will provide information about the future risk of developing type 2 diabetes in relation to phenotype and genotype.
